We report modal phase matched (MPM) second harmonic generation (SHG) in high-index contrast AlGaAs sub-micron ridge waveguides, by way of sub-mW continuous wave powers at telecommunication wavelengths. We achieve an experimental normalized conversion efficiency of ~14%/W/cm 2 , obtained through a careful subwavelength design supporting both the phase matching requirement and a significant overlap efficiency. Furthermore, the weak anomalous dispersion, robust fabrication technology and possible geometrical and thermal tuning of the device functionality enable a fully integrated multi-functional chip for several critical areas in telecommunications, including wavelength (time) division multiplexing and quantum entanglement.
Introduction
Frequency conversion relying on quadratic electronic nonlinearities has sparked a vast amount of research focused on diverse applications including the generation of coherent sources in otherwise unattainable spectral regions [1] , gas sensing [2] , bio-photonics [3] , time resolved spectroscopy [4] , the realization of correlated photon pair sources [5] , as well as all-optical signal processing for wavelength division multiplexing, routing and for solutions to wavelength contention [6] . In particular, nonlinear frequency mixing in waveguide devices offers several key breakthroughs, including compact on-chip integration and an important increase of the energetic efficiency when compared to traditional bulk crystals [6, 7] . SHG is a second order nonlinear optical process, occurring in non-centrosymmetric materials, that converts two pump photons into a single photon at twice the pump frequency (ω + ω 2ω) [8] . Efficient frequency conversion relies primarily on momentum conservation (phase matching) and the congruence between the spatial profiles of the input pump beam(s) and the generated harmonic. Due to the inherent material dispersion, momentum conservation is difficult to achieve, requiring the effective index at the fundamental wavelength to be equal to the effective index at the second harmonic for a type I interaction [n eff (ω) = n eff (2ω)]. This interaction has been nonetheless observed and exploited in numerous configurations using bulk media, and has been typically achieved through the use of birefringent crystals such as BBO and KTP [9] , as well as in waveguide geometries [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] using polymers [10] , LiNbO 3 [11] , Ti-diffused LiNbO 3 [12] , and semiconductors. In particular, SHG can be realized in isotropic GaAs, through either MPM [13] [14] [15] , quasi-phase matching (QPM) [15] [16] [17] , or artificially induced birefringence [15, [18] [19] [20] .
A surge of scientific activity has recently been devoted to developing novel phase matching techniques and to increasing the overall conversion efficiency in waveguiding structures [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] , in an effort to develop a practical low power integrated frequency converter for all-optical signal processing systems and sensing/spectroscopy applications [1] [2] [3] [4] [5] [6] [7] . In particular, SHG was reported in AlGaAs/Al x O y with a record theoretical conversion efficiency of 20,000%/W/cm 2 (practical efficiency ~1400%/W/cm 2 ) [19] , whereby phase matching and tight modal confinement were achieved through the introduction of thin Al x O y layers in the core of the waveguide, creating an artificial birefringence and thus removing the inherent isotropic nature of AlGaAs. On the other hand, quasi-phase matching, where the nonlinear tensor is periodically modulated with a period equal to twice the coherence length (either the material is poled, i.e. the orientation is patterned, for example by using regrowth techniques, or quantum-well intermixing is used; see [15, 20, 21] for an extensive list of QPM techniques) has also been reported in both LiNbO 3 [11] and GaAs [19] , although the conversion efficiency is typically smaller than in birefringent matched schemes. SHG was also demonstrated in waveguides by exploiting modal birefringence between the first order fundamental frequency mode and the third order second harmonic mode [14, 15] . In these cases an "M-shaped" waveguide has been utilized to enlarge the overall spatial modal overlap (resulting in an increased efficiency). Lastly, various exotic forms of phase matching have also been studied, including Bragg reflector waveguides [22] , ring resonators [23] , waveguide couplers [24] , as well as embedded dichroic mirrors [19] .
However, while many applications will benefit from these waveguide phase matching devices, inherent fabrication limitations prevent the practical and low-cost use of these structures in all-optical systems. In particular, artificial birefringence techniques require a complicated fabrication process in order to introduce (in the core of the waveguide) the selectively oxidized layers of Al required to achieve the necessary birefringence. QPM also necessitates complex fabrication procedures with periodic domain orientations, or quantum well intermixing. Similarly, M-shaped MPM waveguides require a costly two-step etching process. Integration of these devices on a single semiconductor chip with other components is practically unviable to date.
Here we exploit ultra-compact, simply structured AlGaAs photonic wires to simultaneously increase the overall SHG device efficiency through an increased overlap, and permit the large birefringence required to promote tunable phase matching across the telecommunication C-band. Using sub-mW CW input powers, we achieve MPM second harmonic generation via the interaction of the first order fundamental frequency mode at 1582nm with the third order second harmonic mode at 791nm, without the need of using an M-shaped waveguide. The theoretical maximum normalized efficiency for this device is 1110%/W/cm 2 , comparable with the value reported for QPM and in other MPM devices [15] . On the other hand, we obtain a practical internal conversion efficiency of 13.8%/W/cm 2 , limited mainly by losses. The potential success of this device is also related to the ease of fabrication, not requiring any complex oxidization or multi-etch steps of the waveguide material, while allowing for an adjustable phase matching condition (resulting in different phase matching wavelengths) which can be simply achieved by either tuning the temperature or the width of the waveguide (multiple width waveguides fabricated on the same chip). Moreover, the photonic wire structure proposed here can be used for several other operations, and has already been proven to be an ideal nonlinear platform for exploiting third order nonlinearities [25, 26] , for dispersion control [27] and for lowering the energetic requirements in all-optical switching [25, 26] , thus potentially allowing for ultracompact on-chip switching for all-optical telecommunications systems [28] .
Device
The AlGaAs heterostructure proposed here was chosen due to the mature fabrication technology behind this platform, its broad infrared transparence, the ease of integrating devices with laser structures, as well as its inherently large second order nonlinear tensor, χ (2) ~180pm/V, responsible for the overall strength of the SHG process [19, 29] . The thicknesses and the aluminum concentrations of the various layers of the AlGaAs wafer (see Fig. 1b ) were chosen to maximize the index contrast between the lower cladding and core, which is an essential requirement in tightly confined waveguides to prevent light leakage to the highindex substrate (i.e. GaAs). However, whereas choosing GaAs for the core and AlAs for the cladding material would serve as the highest index contrast pair, the bandgap of GaAs is ~870nm and would thus absorb any SH generated from a fundamental wave having a wavelength smaller than 1740nm. Al 20 Ga 80 As was thus chosen as it allows for SHG with a fundamental wavelength within the 1500-1600nm spectral region. Furthermore, we avoided to use AlAs for the cladding, as it may (partially) oxidize and introduce further losses. The thickness of the core was set such that the fundamental mode (for widths of 400nm-800nm) is roughly circular in shape in order to maximize the spatial coupling with the experimentally available free space beam, and prevent light leakage to the substrate (in general, a tighter mode confinement requires a larger index contrast).
The fabrication of the waveguides was carried out by using plasma enhanced chemical vapor deposition to form a hard mask, followed by e-beam lithography for the definition of various waveguides widths W, ranging from 1000nm down to 300nm. Multiple inductively coupled plasma etching steps dedicated to each of the materials involved, such as the SiO 2 hard mask and the GaAs/AlGAs wafer, were then carried out to define high-contrast waveguides [30] with minimum propagation losses, as shown in Fig. 1a . The device was then cleaved to form 1.26mm-long ridge waveguides. The waveguide cross-section is presented in Fig. 1b 
Theory
As will be detailed below, the waveguides were written at 45 degrees relative to the crystallographic planes of the AlGaAs crystal (see Fig. 1 for the crystallographic plane alignment with respect to the waveguide coordinate system), thus forbidding a type I interaction with any of the modes presented in Figs. 1c-e. Instead, a specific case of type II evolution, where one pump photon of the x-polarized fundamental frequency combines with one photon from the y-polarized fundamental frequency to create an x-polarized photon at the second harmonic, was exploited in our case. The evolution equations governing this type of SHG are given by [8] :
where the effects of dispersion, group velocity mismatch and the time dependent nonlinear response of the nonlinearity have been dropped assuming a continuous wave excitation. The E FF1 , E FF2 , and E SH are the electric field envelopes (in units of W 1/2 ) of the fundamental xpolarized beam, of the fundamental y-polarized beam, and of the second harmonic x-polarized beam, respectively (i.e. the electric field of the beam "q" is given by
where F q is the transverse vectorial modal electric field distribution, β q is the propagation constant, z is the longitudinal direction, ω q is the angular frequency and t is the time coordinate). The phase mismatch factor is given by Δβ = β FF1 + β FF2 -β SH = (n FF1 + n FF2 -2n SH )ω FF /c, where n q refers to the effective refractive index of mode q at a given frequency.
The terms α q are the linear loss coefficients for each mode q, and η is an overlap factor proportional to the normalized conversion efficiency (see below). The basic principles related to SHG can be more intuitively understood by assuming a lossless and undepleted pump regime (power of the fundamentals P FF1 , P FF2 = constant). One can then readily solve the evolution equations to obtain the power of the SH signal:
where L is the total length of propagation, P FF is the total fundamental power equal to P FF1 + P FF2 . Furthermore, in arriving at Eq. (2), it was assumed that both the input pump beams have equal powers initially (P FF1 = P FF2 ), which can be shown to give the maximum conversion efficiency [8] . Equation (2) explicitly relates the quadratic dependence of the generated second harmonic on the input power. One can also directly observe that the effects of phase matching are extremely important as the sinc squared function rapidly decays for ΔβL>1.39, allowing a narrow yet tolerable input bandwidth of ~0.6nm in our device. Moreover, we define the normalized conversion efficiency as:
Note that Γ is measured in units of W 1 m 2 but is typically reported as 100·Γ (with corresponding units of %·W 1 m 2 ). From Eq. (2) one obtains that the normalized conversion efficiency is Γ = η 2 for the case of perfect phase matching and in the absence of losses. Practically, losses are unavoidable and η 2 represents the theoretical maximum normalized conversion efficiency.
The evaluation of this term requires a vectorial analysis of the second order nonlinear interaction. In the crystallographic planes of the AlGaAs cubic crystal, the nonlinear tensor has a point group 43m, of which all elements are zero except χ ijk (2) = χ (2) for ijk [8] .
However, whereas the heterostructure was grown along the 001 plane, our waveguides were electronically written parallel to 110 crystallographic direction (see Fig. 1b ). In the basis of the waveguide axes, the nonlinear tensor must thus be rotated, and takes the new form in which the nonzero elements are as follows:
The overlap factor in this frame is thus given by [7, 31] 
where ε 0 is the permittivity of free space and the x,y,z subscripts indicate the vectorial components of the waveguide modes. While the overlap factor is given by 6 different overlap contributions, the dominant factor for the modes of interest (i.e. shown in Fig. 1c-e ) is given by F FF1x F FF2y F SHx , which represents all major components of the 3 implicated fields. Although it is not shown here, for the particular orientation of the waveguides in the AlGaAs crystallographic system analyzed here, a type I interaction is forbidden. The overlap factor for this interaction, given by Eq. (5) , is zero due to the mixing of 2 symmetric and 1 antisymmetric components (involving the minor components of the fields) in the integral. We also note that the square root of the normalized efficiency is inversely proportional to the area of the interaction: where the product ΔxΔy represents the modal field area of the interaction. It is thus extremely beneficial to reduce the waveguide core as much as possible to enhance the maximum normalized efficiency. However, it is important to realize that the overlap does reach a maximal value for a particular core size and further miniaturization leads to the modal fields losing their confinement (i.e. when a large part of the modal field resides in air where the χ (2) is effectively 0) and thus a lower overlap [7, 31] .
Results and discussion
Using a wavelength-tunable CW laser, linearly polarized light at 45 degrees (to equally excite the two orthogonally-polarized fundamental modes) was coupled into the AlGaAs waveguide conversion device via standard end-fire coupling techniques using 50x (input and output) objective lenses. The output was sent to a Newport Oriel visible spectrometer for spectral measurements at the second harmonic wavelengths, whereas the absolute power scale of the spectrometer was calibrated using an Ophir PD-300uV power meter and a Thorlabs amplified photodetector PDA100A. Phase matching was found experimentally for several different waveguide widths, the most efficient being in a 650nm-wide waveguide at a wavelength of 1582.6nm (with a second harmonic at 791.3nm). A low power, wavelength tunable, CW laser was used to characterize this device, and the results are presented in Fig. 2 . It was determined that the maximum second harmonic signal was observed for an input polarization of 45 degrees, implying a type II interaction, whereas the output SH signal was horizontally (x-) polarized. The SHG signal power growth was also found to obey the expected quadratic relation as a function of the input CW power, as shown in Fig. 3 . We estimated a normalized internal conversion efficiency of 13.8%/W/cm 2 , which is similar to previous results obtained using MPM in Mshaped waveguides [14] and in QPM in GaAs-based devices [15, 32] . A 100fs pulsed laser from an optical parametric oscillator was also used to compare the output second-harmonic power between the non-phase matched and phase matched SHG (see inset in Fig. 2) . The latter measurements were performed in a waveguide with a width of W = 600nm in order to demonstrate a geometrical tunability of the phase matching condition.
In order to verify our findings, numerical simulations were performed using a vectorial finite-element method solver (Comsol Multiphysics). The material refractive indices were modeled according to [33] , with modifications near the bandgap to account for absorption [34] . In the spectral region of interest, 1500nm-1600nm, the lowest order mode of the SH found to have phase matching with the first order mode of the fundamental frequency was the x-polarized third order mode depicted in Fig. 1e . The phase matching relation for this mode is shown in Fig. 4a (in addition to type I interactions that are forbidden in the considered geometry) for a waveguide width of 650nm. Moreover, the type II phase matching relation for these modes was studied for waveguides widths ranging from 450 to 1000nm (Fig. 4b) . The simulated results agree extremely well with those obtained experimentally, with the phase matching wavelength at W = 650nm deviating by less than 0.5nm from the theoretically predicted value, and equally so for the 600nm-wide waveguide. Our simulations show that the phase matching wavelength can be easily tuned by simply using a different waveguide width. Moreover, the simulations also revealed the possibility to tune the phase matching wavelength by changing the temperature, with an approximate slope of 0.25nm/°C. Experimentally, we recorded a slightly larger shift of ~2nm for 3-4°C variations in temperature. Fig. 3 . Quadratic dependence of the generated second harmonic signal power on the fundamental frequency input CW power. An experimental normalized conversion efficiency of 13.8%/W/cm 2 is obtained.
The maximum normalized efficiency was numerically calculated to be 1110%/W/cm 2 , which is roughly 80 times higher than the practical efficiency observed experimentally. This difference is attributed to the propagation losses of both the fundamental beams (measured to be 18.3dB/cm using the Fabry-Perot resonance technique [35] ), and the second harmonic. To roughly estimate the SH losses, we solved Eqs. (1) (7) where the function g represents the effects of losses and phase mismatch on the output second harmonic power (see a comparison to Eq. (2)). The Fabry-Perot formed by the waveguide end facets is represented by the oscillating functions u i where R i is the power reflectivity at the waveguide-air interface (note that the Fabry-Perot of the SH is negligible as u SH 1 due to the high losses) [35] . The theoretical SH tuning curve as a function of wavelength is presented in Fig. 2 (solid blue curve) . The SH loss coefficient was extracted by fitting our theory to the experimental results, from which we obtained α SH 525dB/cm. If we account for the presence of the tapers on the waveguide (which effectively prevents phase matching due to a different waveguide dispersion), the SH loss coefficient is reduced to 320 dB/cm. Very high losses at the second harmonic are typical (e.g. 250-350 dB/cm in [19] ), and here are mainly attributed to the high field intensity of the SH mode (third ordersee Fig. 1e ) along the vertical waveguide walls, where scattering is particularly enhanced as a result of the residual roughness from the etching process. Numerically, we have estimated that any absorption of the SH in the top 100nm layer of GaAs (see Fig. 1b ) is insignificant (<10dB/cm). Due to such losses, the optimal sample length is estimated to be ~4.75mm, after which the total converted SH power decreases rather than increases. For our sample length of 1.26cm, the experimental conversion efficiency amounts to 21.9%/W.
The previous discussion highlights the importance of reducing propagation losses for enhancing the experimental conversion efficiency. Recent passivation treatments have shown that it is possible to drastically reduce surface state absorption and scattering losses in these devices, thereby allowing future generation devices to achieve higher efficiencies [36] . From a design point of view, birefringent phase-matched structures, such as those reported by Fejer et al. [19] , show a 20-fold increase in the theoretical normalized efficiency versus the structure analyzed here. This results from the higher modal overlap obtained by matching the first order modes at both the fundamental and the second harmonic frequencies. Nonetheless, our structure provides an appreciable efficiency while simultaneously not requiring complicated oxidation schemes, in turn providing a higher degree of integrability with other components, as well as lower fabrication costs. Fig. 4 . Modal dispersion of the first order modes at the fundamental frequency and the third order mode at the second harmonic (plotted at twice the wavelength here) for a 650nm-wide photonic wire showing a phase matching wavelength at 1582.32nm for a type II interaction. (b) Theoretical phase matching wavelength vs waveguide width (for the same type II interaction).
Summary
In conclusion, we have experimentally demonstrated a highly compact AlGaAs frequency converter capable of operating with sub-mW CW powers. Modal phase matched SHG was shown using a waveguide having a core cross-section of 650nm x 500nm, and it was demonstrated that the phase matching wavelength of 1582.32nm could be tuned either by changing the waveguide width (i.e. by fabricating a chip with several waveguides of varying widths) or by tuning the temperature. The proposed photonic wire structure allows for a lowcost and mature fabrication technique not requiring selective oxidization, multiple etch steps of the waveguide material or complex wafer bonding strategies, while still obtaining a relatively high conversion efficiency. Our device holds much promise for future WDM applications, as a possible quantum correlated source using spontaneous parametric down conversion, and is the first step towards the demonstration of a totally integrated on-chip optical parametric oscillator.
